The unicellular cyanobacterium, Synechocystis sp. PCC 6803 is motile. A homologue of the PilT protein family, required for twitching motility in Pseudomonas aeruginosa and social gliding motility in Myxococcus xanthus, was found to be necessarily associated with cyanobacterial motility. The pilT1 (slr0161) mutant shows a pleotropic phenotype, defects in individual cell motility, and an increased number of long surface pili. Furthermore, the mutant loses its ability of natural competency. These findings demonstrate that PilT1 is essential for both cell motility and competency. Since the pilT gene contains a consensus ATPbinding motif (Walker boxes), the PilT protein is suggested for supplying energy for cell motility. The product of pilT1, overproduced in Escherichia coli and purified by Ni-affinity chromatography, hydrolyzes ATP in vitro.
Introduction
Cyanobacteria, ancient organisms in terms of evolution, might be one of the first groups to have acquired directional motility. The mechanism of motility has been considered to be primitive and simple; however, only limited progress has been made in understanding the process. Studies of other gliding bacteria, e.g. myxobacteria and flexibacteria, have led to several new observations and suggestions concerning gliding motility of cyanobacteria since a review of the subject chapter published in 1970 (Halfen and Castenholz 1970) . However, it remains unclear whether the mechanism of motility in these bacteria is similar to that in cyanobacteria.
Filamentous cyanobacteria glide on a solid surface in a direction parallel to the long axis of the filament. Recent ultrastructural analysis of a gliding cyanobacterium, Phormidium uncinatum, showed that nonmotile cells are deficient in extracellular slime and helically arrayed fibrils composed of a rod-shaped glycoprotein called oscillin (Halfen and Castenholz 1970 , Hoiczyk and Baumeister 1997 , Hoiczyk 1998 . Oscillin has an amino terminal domain structure comprising multiple repeats of an EF-hand motif for binding Ca
2+
. Oscillin has been proposed to act as a passive screw in motility providing propulsion resulting from shear forces generated between the oscillin fibrils on the cell surface and slime exuded from the cells (Hoiczyk and Baumeister 1998) . The unicellular cyanobacterium Synechococcus WH 8102 moves by a mechanism termed "swimming" (Brahamsha 1996a ). In Synechococcus the thrust for swimming is generated by SwmA, an extracellular protein similar to oscillin that is associated with the outer membrane (Brahamsha 1996b) .
Synechocystis sp. strain PCC 6803 (throughout Synechocystis) is the first photosynthetic organism for which the complete genome has been determined (Kaneko et al. 1996) . Some derivative strains of it have been reported . The wild-type strain, originally released from the Pasteur Culture Collection, is motile, but no visible apparatus was found on the cell surface by traditional electron microscopic methods. Inactivation of a gene encoding an alternative sigma factor (slr1564), which is required for the expression of the pilA genes (sll1694 and sll1695), resulted in a deficiency of directional motility (Bhaya et al. 1999) . The involvement of an adenylate cyclase in the regulatory process of motility in Synechocystis was also reported (Terauchi and Ohmori 1999) . Recent studies have demonstrated that the cell surface of the Syechocystis has a dense covering of pili and cell motility requires PilT protein (Bhaya et al. 2000, Okamoto and .
Type IV pili and homologues of PilT have been found to be essential for the social gliding motility exhibited by Myxococcus xanthus (Wu and Kaiser 1995 , Wu et al. 1997 , Wall and Kaiser 1999 . PilT proteins are structurally related to a large family of proteins bearing a consensus nucleotide-binding motif called Walker box A that is engaged in the membrane translocation of macromolecular complexes (Whitchurch et al. 1991 , Pugsley 1993 . Although PilT proteins are considered to be nucleotidebinding proteins, attempts to demonstrate their ATP-binding or ATP-hydrolyzing activity have not yet yielded results.
In the present study, the cyanobacterial pilT gene was expressed in Escherichia coli using a His-tagged vector system. The His-PilT1 protein was purified from the soluble fraction of E. coli and its biochemical properties were determined. The gene product shows ATPase activity, suggesting that PilT1 generates the motive force used for cell motility and the transformation machinery.
Results

Sequence analysis of PilT
Two ORFs, loci slr0161 and locus sll1533, which were assumed to encode PilT proteins, have been detected in the Synechocystis genome (Kaneko et al. 1996) . One ORF, slr0161, named pilT1, encodes a protein of 369 amino acids that shows 51.2% similarity in its amino acid sequence to a Pseudomonas aeruginosa protein called PilT. The other ORF, sll1533, named pilT2, encodes a protein of 428 amino acids that shows 40.4% similarity to P. aeruginosa PilT. A BLASTP2 search against nonredundant GenBank/EMBL sequences demonstrated the relationship of PilT1 to the Pil/GSP protein superfamily. The closest match was found between PilT1 and PilT from Anabaena sp. PCC 7120 (77.0% amino acid similarity using the MegAlign program). The percentage similarity ranges from 56.6% to 72.1% with the remaining members of the Pil family; the similarity lower but still highly significant with members of the GSP family. These proteins exhibit homology across their entire sequences. In particular, there are four highly conserved regions, the first of which is an ATP/GTP-binding consensus sequence [AG]-X(4)-G-K- [ST] (PROSITE ID; PDOC00017) called Walker box A, which is common to a wide variety of ATP/GTP-binding proteins in both prokaryotes to eukaryotes ( Fig. 1) (Walker et al. 1982 , Whitchurch et al. 1991 . The Walker box A is a glycine-rich domain that forms a loop structure in which the lysine can enter into direct contact with the phosphoryl group of the bound nucleotide. The second conserved sequence is a domain
that is present in some of bacterial type II secretion pathway (GSP) proteins. This region overlaps the Walker box B. The third domain, there is an Asp-box between two Walker boxes. This Asp-box could function as an Mg
2+
-binding site (Possot and Pugsley 1994) . And finally, there is a His-box, but its specific potential role in the whole protein is as yet unknown. These structural features are conserved in many other PilT homologues. The PilT1 and PilT2 proteins appear to be hydrophilic proteins with no apparent membrane-spanning segments, as predicted by the methods of Kyte and Doolittle.
pilT gene and cell motility
A mutant strain of Synechocystis, containing an insertionally inactivated pilT1 gene, was produced. Complete segregation of the mutant genomes was confirmed by PCR (data not shown). Colonies of the wild-type strain are widely dispersed on the agar plates ( Fig. 2A) . In contrast, the pilT1 mutant and the GT strain form tightly spaced colonies (Fig. 2B, C) . The movements of the wild-type strain and pilT1 mutant cells on solid surfaces were determined quantitatively using a micro- Fig. 1 Conserved motifs in the PilT/GSP protein superfamily. Protein sequences were aligned using the program MegAlign. Residues conserved in PilT1 are shown in reverse type letters. Alignment was optimized manually with some gaps. The first block of each sequence corresponds to members of the Pil family, which show E values ranging from 4e -94 to 3e -59 in a BLASTP search of PilT1. Proteins were named according to their SwissProt data bank names (PilT ANASP, PilT from Anabaena sp. PCC 7120; PilT AQUAE, PilT from Aquifex aeolicus; PilT PSEAE, PilT from Pseudomonas aeruginosa; TMP DEIRA, Twitching Mobility Protein from Deinococcus radiodurans; PilT NEIME, PilT from Neisseria menigitidis; PilT NEIGO, PilT from Neisseria gonorrhoeae; PilT THEMA, PilT form Thermotoga maritima; PSP PSEST, Putative Secretion Protein from Pseudomonas stutzeri; PilU PSEAE, PilU from Pseudomonas aeruginosa; f341 ESCCO, ORF f341 from E. coli; PilT2 SHYSP, PilT2 from Synechocystis sp. PCC 6803). The second block corresponds to members of the GSP (General Secretion Pathway) family, which shows E values ranging from 3e -32 to 1e -16 in a BLASTP search of PilT1. They were named according to their SwissProt data bank names (GspE BURPS, general secretory pathway protein E (GspE) from Burkholderia pseudomallei; GspE SHYSP, GspE from Synechocystis sp. PCC 6803; GspE AERHY, GspE from Aeromonas hydrophila; GspE ESCCO, GspE from E. coli; GspE PSEAE, GspE from Pseudomonas aeruginosa; GspE KLEPN, GspE from Klebsiella pneumoniae; TapB AERHY, TapB from Aeromonas hydrophila; XcpR PSEAL, XcpR from Pseudomonas aeruginosa; PilF NEIGO, PilF from Neisseria gonorrhoeae; GspE ERWCH, GspE from Erwinia chrysanthemi; PilB PSEAE, PilB from Pseudomonas aeruginosa; PilB ANASP, PilB from Anabaena sp. PCC 7120; FimN DICNO, FimN from Dichelobacter nodosus; ComG1 BACSU, ComG1 from Bacillus subtilis; BfpD ESCCO, BfpD from E. coli; BfpF ESCCO, BfpF from E. coli). Arrowheads indicate the 30 invariant amino acids in the alignment.
scope connected to a time-lapse video recorder system. Timelapse images were played back, and we counted the numbers of motile cells on the monitor. The motility frequency of wildtype cells increased as the agar concentration decreased (Fig.  3) , and all wild-type cells could move on 0.6% agar plates. In contrast, the pilT1 mutant could not move at any agar concentration. Interestingly, the GT strain could move slightly when the agar concentration was decreased to 0.6%. Although the GT strain has been known as a non-motile strain (Williams 1988 ), this result clearly shows that the GT strain is motile.
Effect of the pilT mutation on pili and the cell surface
To verify whether the immotility of the pilT1 mutant comes from the piliation state of the cells, we examined piliation by electron microscopy. Wild-type cells in log-phase show radial pili on their cell surfaces (Fig. 4A, C) , that are approximately 2-4 mm in length and 4-6 nm in diameter. The pilT1 mutant, which exhibits no movement, still has a number of pili present on the cell surface of the cells (Fig. 4B, D) . Moreover, we found that the pilT1 mutant exhibit hyper-piliation. The lengths of pili on pilT1 mutants are up to 20 mm (Fig. 4D , E).
Transformation incapability of pilT1 mutants
Synechocystis is a naturally competent organism. Since type IV pili in Neisseria gonorrhoeae and com gene family members in Bacillus are associated with competence for DNA transformation, we examined the competency of wild-type cells and the pilT1 disruptant. Approximately 80 transformants appeared in the wild-type strain after the addition of the transformation marker of pPHY DNA (Kan r ). In contrast to wild-type cells, we could not obtain kanamycin resistance in the pilT1 mutant ( Table 1 ), suggesting that the pilT1 mutant has lost natural competency. Further, the competence frequency of the GT strain was investigated. The transformation frequency of the GT strain was found to be about 102 times higher than that of wild-type cells. We disrupted the pilT1 gene in the GT strain, and compared the transformation frequency of the original GT strain and its pilT1 mutant. The pilT1 mutant did not transform at all. Thus the pilT1 gene is considered to be an essential component for transformation in Synechocystis (Table 1) .
Expression and purification of PilT1
To purify the PilT1 protein and perform biochemical analysis, an expression vector (pET30-T) that encodes a hybrid PilT1 protein with His-tag and S-tag sequences was con- structed as described in Materials and Methods. When the transformant (BL21 (DE3)) harboring pET30-T was cultured at 37°C, the PilT protein was formed in an insoluble fraction after induction by 0.2 mM isopropyl-b-D-(-)-thiogalactopyranoside (IPTG) (data not shown). When the transformant was cultured at 25°C, this protein was produced in the soluble fraction, although at very low levels (Fig. 5) . The protein fraction was purified by Ni-affinity chromatography, followed by chromatography on an ion exchange HiTrap Q column (Fig. 5, lanes 4,  5) . The molecular mass of the purified hybrid protein was estimated to be 45 kDa by SDS-PAGE analysis, which corresponds closely to the theoretical value. ATPase activity of PilT1 ATP hydrolysis by the His-PilT1 protein was detected by colorimetric assay. A single peak of ATP hydrolytic activity was obtained by both Ni affinity column chromatography and HiTrap Q ion exchange column chromatography. Fig. 6 shows the HiTrap Q column elution profile and ATPase activity. The protein profile coincides with the peak of ATPase activity. As a control experiment, the protein from strain BL21 (DE3) cells transformed by the plane vector (pET30) were treated by the same procedures used to purify the His-PilT1 protein. It was confirmed that the His-PilT1 protein exhibits ATPase activity. . The optimum concentration of Mg 2+ is 1.0 mM. The optimum pH for ATP hydrolysis lies between pH 5.5 and 9.5 (data not shown). The effects of various nucleotides on the ATPase activity were determined (Table 3) . PilT1 hydrolyzes ADP, AMP, CTP and UTP at rates 9-18% that of ATP hydrolysis. GTP is also hydrolyzed by PilT1 at a rate approximately 62% that of ATP. PilT1 exhibits Michaelis-Menten kinetics over an ATP concentration ranging from 0.1 to 5.0 mM with a K m of 603 mM and a V max of 29.9 nmol of P i released min -1 mg -1 protein (Fig. 7) .
Localization of PilT1 protein
The localization of PilT1 in the cell was determined using immuno detection method. Soluble and insoluble fractions from each mutant were analyzed by SDS-PAGE and by immunoblotting using the antiserum against the PilT1 protein of Synechocystis. The band that agrees with the predicted molecular mass (40,615 Da) of PilT1 was detected (Fig. 8, lane 2) . And thus PilT1 was found to localize to the membrane fraction of the wild-type cells. No visible PilT1 protein was found in pilT1 mutant (Fig. 8, lane 4) .
Discussion
In an attempt to understand the molecular mechanism of cyanobacterial motility, some molecular apparatus has been discovered. In Phormidium uncinatum a single rod-shaped structural protein, Oscillin, has been found essential for gliding (Hoiczyk 1998) . This protein forms the parallel fibrils overlaying an S-layer sheath. It has also been reported that SwmA from Synechococcus sp. WH 8102 is a swimming-related protein, and that the disruption of SwmA results in a nonswimming mutant (Brahamsha 1996a , Brahamsha 1996b ). Oscillin and SwmA are similar to each other in primary structure, and each has multiple repeats of an EF-hand motif for binding Ca
2+
. There are five-Oscillin/SwmA homologues (sll1951, sll1009, slr1403, sll0721, sll0723) in Synechocystis. Bhaya et al. (1999) discovered that the sigF mutant of Synechocystis releases a glycoprotein named HlyA (sll1951) into the medium that is similar to Oscillin and SwmA. These interesting molecules are common between the unicellular and In the present work, we disrupted another swmA homologue (sll1009); however, the mutant still retained motility (data not shown). Recent works revealed that the type IV pili in which PilT1 is involved are responsible in motility of Synechocysitis. It was found that the colony shape of the pilT1 (slr0161) mutant differs from that of the wild-type strain. pilT1 is homologous with the "pil" gene family that is related to the biosynthesis of type IV pili in bacteria. Type IV pili are related to the type II secretion system, which comprises about 10 protein homologues (Pugsley 1993 , Russel 1998 . The pilT1 mutant cells did not move and their pili remained extended (Fig. 3) . Such results are consistent with the pilT1 mutant phenotypes of M. xanthus and N. gonorrhoeae (Wu et al. 1997 , Wolfgang et al. 1998 ). The pilT1 mutant was incapable of transforming in Synechocystis (Table 1 ). The Bacillus subtilis ComG1 protein, which is related to PilT and its homologues, is needed for DNA uptake (Fig. 1) . Since no pili are seen in B. subtilis, it is hard to determine whether ComG1 functions in a manner similar to PilT.
Genetic analysis suggested that PilT1 promotes pilus disassembly, and it was speculated that PilT1 generates motility force by ATP hydorolysis. To determine the biochemical prop- erties of PilT1, we over-expressed His-PilT1 and purified it from the soluble fraction of E. coli. The cyanobacterial PilT1 protein thus obtained was demonstrated to possess an ATPase activity. However, the activity of this ATPase is relatively low compared with the membrane-bound H + -ATPase or Na
It is considered that interaction with other proteins or other factors is necessary for the full activation of the PilT1 ATPase. Although members of the GspE family in the bacterial general secretion pathway system, to which PilT1 belongs, contain a conserved NTP-binding motif, no direct evidence for NTP-binding or NTPase activity has been established to date (Pugsley 1993) . Homologues of these genes (GspE family) and of the subunit (pilin) genes have been described in various bacterial species. Pil-like proteins are also involved in protein secretion, DNA transfer by conjugation and transformation, and further morphogenesis of filamentous bacteriophages. The Pil homologues may function in the processing and export of type IV pili protein subunits, and contribute to the formation of fimbrial-like structures. Type IV pili probably act in the transport of macromolecules such as DNA or protein into or out of the cell.
Bradley has proposed that type IV pili may generate movement through pilus retraction (Bradley 1972) . Recent studies in model bacteria, M. xanthus, N. gonorrhoeae and P. aeruginosa, have provided direct evidence that pili indeed retract to generate motility (Merz et al. 2000, Skerker and Berg 2001) . Furthermore, Merz et al. (2000) showed that the pilT mutant of N. gonorrhoeae cells, which are unable to generate retractile forces could show no motility. These results suggested that the PilT, as an ATPase contributing to pilus retraction, localizes to the cytoplasmic membrane. To investigate the localization of PilT1 protein, we performed Western blot analysis using an anti-PilT1 antibody. The result shows that PilT1 localizes to the membrane fraction (Fig. 8) . The present result, however, could not show at which kind of membrane the pili localized, outer membrane, cytoplasmic membrane or thylakoid membrane. It is postulated the PilT1 localized at the cytoplasmic membrane to provide the torque for pilus retraction via hydrolysis of ATP. This assumption is consistent with other PilT homologues that localize in the membrane fraction ). However, PilT1 lacks stretches of contiguous hydrophobic residues that are required for membranespanning, and thus the protein probably associates with the membrane indirectly via other membrane-binding proteins. One possible PilT1 partner is PilC (in the Kazusa-sequenced strain but not the WT and GT strains, this gene was divided into two parts, slr0162 and slr0163.), which locates next to the PilT1 ORF and contains a membrane-spanning domain (Bhaya et al. 2000) .
Materials and Methods
Strains and culture conditions
Two substrains of Synechocystis were used in this study. The original strain was isolated from freshwater in California and deposited in culture collections as ATCC 27184 and PCC 6803. We obtained the original strain from the Pasteur Culture Collection and named "wildtype" (WT) strain. Another "glucose-tolerant" (GT) strain was isolated from the WT strain by Williams (1988) . Both wild-type and glucosetolerant strains of Synechocystis were grown in BG11 medium (Williams 1988) supplemented with 20 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH (pH 8.0) at 30°C under continuous illumination provided by fluorescent lamps at a fluens rate of 30 mmol m -2 s -1 . Liquid cultures were bubbled with air containing 1.0% (v/v) CO 2 . Solid medium consisted of BG11 supplemented with separately autoclaved 0.8% agar (Bacto-Agar, Difco Laboratories, Detroit, MI, U.S.A.), 0.6% sodium thiosulfate and 5 mM TESNaOH (pH 8.0).
The E. coli strains used as hosts were JM109 for cloning and BL21 (DE3) for the expression of recombinant proteins. Bacteria were grown in Luria-Bertani medium or Terrific Broth. Ampicillin (50 mg ml -1 ); spectinomycin (20 mg ml -1 ) and kanamycin (25 mg ml ) were used for the selection and maintenance of plasmids. Fig. 7 Effect of ATP concentration on the ATPase activity of HisPilT1. All kinetic assays were performed in the buffer A at 30°C. The rate of hydrolysis was calculated from the nanomoles of P i released. A K m of 603 mM and V max of 29.9 nmol P i released min -1 mg -1 protein were estimated from the Lineweaver-Burk plot. 
Gene disruption
The pilT1 gene (slr0161) was identified by examining the Cyanobase (http://www.kazusa.or.jp/cyano/cyano.html). The ORF region of pilT1 was isolated by PCR amplification using two primers, PILT1 (5¢-GCCAGTTGTCTTCAGTCCAT-3¢) and PILT2 (5¢-GCTAACGACGT-TTAGCGGCA-3¢). The PCR products were cloned into the pGEM-T Easy vector (Promega, Madison, WI, U.S.A.) according to the manufacturer's instructions. The resultant plasmid for pilT1 was digested with MunI and ligated to a 2.0 kbp EcoRI fragment encoding a streptomycin/spectinomycin resistance cassette (aadA gene) derived from plasmid pRL453 (Elhai and Wolk 1988) . Wild-type Synechocystis cells were transformed with the plasmid DNA according to the method of Williams (1988) . Transformants were selected on BG11 plates containing 20 mg ml -1 spectinomycin. To verify that the mutant strains were homozygous, total genomic DNA was isolated from each mutant strain, and analyzed by the PCR method. Genomic DNA isolated from the wild-type strain was served as a control.
Cell motility assay
Two milliliter aliquots of BG11 culture medium containing 0.4-2.0% agar were poured into plastic plates, 3.5 cm in diameter. Agar plates were used for the determination of cell motility. Cells were harvested by centrifugation at 2,000´g for 5 min at 25°C, washed with fresh BG11 culture medium, and resuspended in the fresh medium at appropriate cell densities (2.0´10 8 cells). From the cell suspension, 1 ml aliquots were withdrawn and spotted on the plates. The droplets were allowed to dry on the agar for 30 min in the dark at 30°C.
The plates were placed on the stage of a microscope (Labophot-2 Nikon, Japan) and irradiated by observation white light (30 mmol m -2 s -1 ) at room temperature. The image was captured with a CCD camera (TK-1280, Victor, Japan) and time-lapse video cassette recorder (AG-6740, Panasonic, Japan). The time-lapse recording was played back, and the serial location of each cells was identified on the monitor. The total number of cells on the monitor and the numbers of cells that moved within 30 min were counted. The fractions of motile cells to total cells were determined.
Transmission electron microscopy
Exponential phase cells were dropped onto formbar-coated copper grids and air-dried. The grids were subsequently stained with 1% phosphotungstic acid, and the excess stain was removed by touching the droplet with a piece of filter paper. The grids were air-dried and observed under a JEM-1200EX II (JEOL, Japan) transmission electron microscope (Vaara and Vaara 1988) .
Competency assay
Synechocystis cells were grown in liquid culture medium for 48 h (exponential phase) and harvested. The cell density of each strain was adjusted to about 1´10 8 cells by optical density at 750 nm. After washing with BG11, the cells were incubated for 1 h with 5 mg DNA constructs (pPHY) in 200 ml BG11 at 30°C. The 200 ml cell suspension was spread on a cellulose nitrate membrane filter (ADVANTEC Toyo Rosi Kaisha, Ltd., Japan) on BG11 plates without kanamycin, and incubated at 30°C in the light (30 mmol m -2 s -1 ). After incubating for 24 h, the membrane was transferred to BG11 plates containing 25 mg ml -1 kanamycin. Transformants capable of growing under the culture conditions were detected after 7 d. The transformation frequency was calculated as the number of antibiotic-resistant cfu (colony-forming unit) per plate/total cfu per plate.
DNA manipulation and sequencing
Total cyanobacterial DNA was isolated from each strain after digestion with lysozyme and proteinase K as described previously (Hihara and Ikeuchi 1997) . Plasmid DNA from E. coli was prepared by the standard alkaline lysis procedure (Maniatis et al. 1982) . The nucleotide sequence was determined by the dideoxy chain termination method using a DNA sequencer (model 310, Perkin Elmer Applied Biosystems, Foster City, CA, U.S.A.) and a Taq dideoxy chain termination cycle sequencing kit (Applied Biosystems, Foster City, CA, U.S.A.). The DNA sequences were analyzed with Lasergene software (DNASTAR Inc., Madison, WI, U.S.A.), compared with Cyanobase (http://www.kazusa.or.jp/cyano/cyano.html) and the latest nucleotide and protein database by BLAST (Altschul et al. 1990 ).
Construction of the expression plasmid for the PilT1 protein
EcoRI and BamHI restriction sites were introduced immediately upstream of the initiator ATG and downstream of the termination TAG, respectively, in the ORF of pilT1 by a PCR technique. The two primers were PILT3 (5¢-GGATCCATGGCTTTGGAATACATG-3¢) and PILT4 (5¢-GAATTCCTTATGTTAATCGGTATATT-3¢). A 20 ml PCR mixture contained 0.5 pmol primers, 0.5 mg template DNA, 0.2 mM deoxynucleotide triphosphates and 2.5 unit Ex-Taq polymerase (Takara, Japan). PCR was performed on a Gene Amp PCR system 9700 (Applied Biosystems, Foster City, CA, U.S.A.). The PCR product was cloned in pGEM ® -T Easy vector (Promega, Madison, WI, U.S.A.) and the sequence of the pGEM-T insert region was verified by DNA sequencing. The pET30-T expression clone was constructed for the expression and purification of PilT. The pilT1-cloned pGEM-T was digested with EcoRI and BamHI. A 1.2 kbp fragment corresponding to the pilT1 open reading frame, was excised from the agarose gel and purified. This fragment was ligated into the EcoRI-BamHI site of the pET30a expression vector (Novagen, Madison, WI, U.S.A). The resulting construct, pET30-T, contains the entire pilT1 gene fused to His-tag and S-tag sequences from the pET30a.
Expression and purification of PilT1
Transformant BL21 (DE3) cells harboring pET30-T were grown at 25°C in Luria-Bertani medium (1.5 liters) supplemented with kanamycin (25 mg ml -1
). The recombinant pilT1 gene was expressed by adding 1 mM IPTG to the exponentially growing cells. The cells were incubated for 5 h, harvested by centrifugation, washed with 50 mM Tris-HCl (pH 8.0) buffer containing 150 mM NaCl and 10% (w/v) glycerol (Buffer A), and then disrupted by sonication in the same buffer supplemented with 1 mM PMSF. The cell suspension was incubated on ice for 30 min and then sonicated at 4°C for 15 min (3 miń 5) using a Kubota model 200M sonicator. The cell extract was centrifuged at 15,000´g for 10 min, and the supernatant was further centrifuged at 150,000´g for 50 min. The 150,000´g supernatant was loaded onto a HiTrap affinity column (Amersham Pharmacia Biotech, Uppsala, Sweden; 1.6 cm ´ 2.5 cm) connected to a fast protein liquid chromatography system (Amersham Pharmacia Biotech, Uppsala, Sweden) and eluted with a step gradient of 10, 30, 50, 100, 200 mM imidazole in Buffer A. The 200 mM imidazole fraction was loaded onto a HiTrap Q ion exchange column (Amersham Pharmacia Biotech, Uppsala, Sweden; 0.7 cm ´ 2.5 cm) and eluted using a linear gradient of 100 mM to 1 M NaCl in Buffer A.
ATPase assay
The ATPase activity of PilT was measured in 100 ml of reaction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 5 mM ATP). All assays were performed at 30°C in Eppendorf tubes, and terminated by the addition of 800 ml of Malachite Green Reagent (Lanzetta et al. 1979 ). The sample was maintained for 1 min at room temperature, and then color development was stopped by the addition of 100 ml of 34% citric acid. One milliliter portions of the samples were removed to plastic cuvettes, and A 650 was determined with a spectrophotometer (UV-160A, Shimadzu, Japan).
Preparation of polyclonal antibodies against PilT1
The His-and S-tagged PilT1 expressed using pET30-T expression vector was separated by SDS-PAGE and the PilT1 band was cut out from the gel. The gel containing His-S-PilT1 was used as an antigen to raise polyclonal anti-PilT1 antiserum in a rabbit (Shibayagi, Japan). The anti-PilT1 antiserum was purified by Blot-affinity purification method (Tang 1993) and used for immunoblotting analysis.
Preparation of soluble and insoluble fractions from the cells
The soluble and insoluble fractions of the crude extract of Synchocystis were separate by centrifugation according to the method of Hihara et al. (1998) with a slight modification. A 50 ml cell suspension was harvested, centrifuged at 1,500´g for 10 min, and were suspended in 20 mM Tris-HCl (pH 9.0). The cells were broken with a Mini-BeadBeater (Biospec, Bartlesville, OK, U.S.A.) with zirconia/ silica beads (0.1 mm in diameter, Biospec, Bartlesville, OK, U.S.A.) for three pulses of 50 s each with 2 min cooling intervals at 4°C. After centrifugation to remove the beads, unbroken cells and cell debris were pelleted down at 1,500´g for 10 min. Thus obtained supernatant was centrifuged at 80,000´g for 30 min at 4°C. Both supernatant and pellet fraction were determined by Western blotting analysis. Protein content was measured by the method of modified Lowry as described in the instructions with the Bio-Rad protein assay kit (Bio-Rad DC Protein Assay; Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A.).
Immunoblotting analysis
Membrane preparations and cytosolic fractions were separated by SDS-PAGE, followed by blotting onto nitrocellulose membrane (Immobilon; Millipore, Bedford, MA, U.S.A.). Immunostaining with specific antiserum was carried out as standard procedures using horse radish peroxidase-conjugated goat-anti-rabbit immunogloblin G (Jackson ImmunoResearch Laboratories, West Grove, PA, U.S.A.).
